Abstract-The wavelength-dependent absorption coefficients can be used to analyse optical properties of human skin. Existing absorption models for narrow ranges in the visible and near infrared are insufficient to simultaneously incorporate the spectral contrast produced by differences in chromophores, water and lipid content of skin tissue into skin cancer detection. In the broad range up to 1600 nm, recent analysis approaches for absorption spectra do not consistently provide significant differences between healthy and cancerous skins. We propose an absorption model to fit the absorption coefficient spectra of skin samples over the range from 400 nm to 1600 nm and an advanced algorithm to find the optimal estimation. The extracted parameters of this model are analysed by a statistical t-test. The test results demonstrate the significant differences between all pairs of tumour-normal skin. Therefore, our approach has strong potential for early skin cancer detection using near infrared spectroscopy (NIRS).
I. INTRODUCTION
Near-infrared spectroscopy is inexpensive and potential for both diagnosis and therapeutic applications of many diseases, especially cancer in brain, breast, cervix, skin, prostate and pancreas [1] - [3] . Indeed, optical properties of tissue reveal its structural information such as thickness, composition, morphology, chromophore contents and layer structures [4] , [5] . Various quantitative models have been developed to approximate the absorption spectra of human skin in the spectral range below 1000 nm [6] - [8] . Physiological parameters of these models such as chromophore concentrations and chemical contents constitute the investigation of skin response to near-infrared light. The wavelength-dependent absorption coefficient of human skin are extracted from reflectance and transmittance spectra [5] , [9] - [11] .
Absorption spectra of human skin have been studied in local narrow ranges of wavelength [8] , [10] , [12] - [14] . Particularly, Reference [13] the substantial contribution of melanin and haemoglobin to total absorption spectra of human skin in the range from 460 to 820 nm. Furthermore, melanin revealed the differences in absorption properties between melanoma and dysplastic nevi in the wavelength band up to 1000 nm [8] . In the wavelength range from 1000 to 2200 nm, the reflectance and transmittance spectra were measured in many samples of skin layers, i.e. stratum corneum, epidermis and dermis [10] , which supports the role of water and lipid in human skin as the main absorbers in the spectral region. The differences in water and lipid content between normal and cancerous skin result in their spectral contrast which were presented in [15] range from 1000 to 1500 nm. In fact, absorption spectra in a local narrow range below 1000 nm are not accountable for the impacts of water and lipid. Therefore, the absorption spectra corresponding to the wavelength range from the visible range to near-infrared beyond 1000nm can improve the contrast between healthy and cancerous skin. The existing approach for analysing these spectra is based on spectral visualization but its outcomes are still by far applicable for a clinical application [15] , [16] . Indeed, Reference [15] 's results demonstrate a lower accuracy than those by biopsies while the contrast in absorption spectra investigated by [16] between tumour and normal skin is inconsistent.
The present study aims to address the challenges aforementioned by [15] , [16] . We develop a proper mathematical model to estimate the absorption spectra of human skin. An advanced global optimization algorithm is applied to obtain the optimal estimation. We investigate the extracted parameters of our model using a Student's t-test described later in order to analyse their potential for differentiating between normal skin and nonmelanoma skin cancer (NMSC). The simulation and analysis results confirm the feasibility of our approach to detect skin cancer.
The paper structure is as follows. Section II is devoted to modelling the light absorption of human skin. Section III provides our global optimization technique to extract parameters and the method of statistical analysis. The simulation results and discussion are given in Section IV. Conclusion is in Section V.
II. ABSORPTION MODELLING
According to the Beer-Lambert law, a typical model to describe the attenuation of light propagating inside the scattering media is constructed by the linear approximation of known chromophore concentrations and their wavelength-dependent extinction coefficients. The absorption caused by haemoglobin and deoxyhaemoglobin is dominant in the wavelength range from 400 nm to 900 nm [17] . Another chromophore contributing to light absorption of skin is melanin of which absorbance behavior has been well-described by a wavelength-dependent exponential function [8] . In addition, the absorption spectra in the wavelength range from 900 nm to 2000 nm are mainly dominated by water and lipid absorbance [10] . Therefore, it is necessary to simultaneously involve strong absorbers including haemoglobin, deoxyhaemoglobin, melanin, water and lipid into describing the absorption spectra of skin tissue in the wavelength range from 400 nm to 1600 nm. Specifically, we can calculate the absorption coefficient µ A (λ i ) of human skin 35th Annual International Conference of the IEEE EMBS Osaka, Japan, 3 -7 July, 2013
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(1) Here e HbO2 (λ i ) and e Hb (λ i ) are the extinction coefficients of deoxy-haemoglobin and haemoglobin at λ i (cm −1 /M ). ǫ H20 (λ i ) and ǫ lipid (λ i ) are the absorption spectra of water and lipid (cm −1 ) at λ i respectively. c Hb c Hb c Hb and α α α are the haemoglobin concentration (M ) and the haemoglobin oxygen saturation of blood respectively. c m c m c m and k k k are respectively the melanin concentration and the exponential decay constant. Based on available studies in the literature, the variation range of k k k has been determined roughly from 1.2 to 5.5 [8] . λ 0 is the wavelength constant at which melanin absorption is the highest [8] . As our examining spectral region is from 400 to 1600 nm, we choose λ 0 = 400. c H2O c H2O c H2O is the water proportion in tissue, and r r r is the ratio of lipid to water.
III. PARAMETERS EXTRACTION PROCEDURE

A. Extraction Algorithm
The six parameters
c H2O , r r r) are extracted by minimizing the total square error function of µ A (λ i ) and its corresponding measured value µ Am (λ i ) over all the wavelength samples in the range from 400 to 1600 nm.
Here N is the total number of sampled wavelengths. Obviously, the three variables (α α α, k k k, r r r) make ER A (λ i ) nonlinear and nonconvex [18] . Therefore, we consider the following variables changes,
with
Furthermore, ifk k k is held fixed, ER A (λ i ) becomes a convex function inx x x. This observation results in converting (2) into the following parametric optimization,
Like [19] we employ the grinding optimization to solve (6) .
To be more specific, we choose M values ofk k k based on its constraint, and problem (7) is solved at eachk k k(j) := 0.003 + j(0.0138 − 0.003)/M . The optimal solution of (6) is determined with thek(j) k(j) k(j) which contributes to the minimum objective value of problem (7) . Letx (7) is performed as the following convex quadratic program in five scalar variablesx
Problem (8) is solved by SeduMi [20] corresponding to each k k k(j). Conventionally, x x x is recovered fromx x x thanks to (3).
B. Data Accumulation
Haemoglobin and deoxyhaemoglobin extinction coefficient spectra were published by Oregon Medical Laser Centre (OMLC) [21] . The absorption spectra of water and lipid were extracted from [22] . The data used to examine our model and algorithm have been presented in [16] 1 . Particularly, there are six types of skin samples examined in [16] including epidermis, dermis, subtaneous fat, infiltrative basal cell carcinomas (BCC), nodular BCC, and squamous cell carcinomas (SCC). These specimens were excised from the face, neck, and back of patients. Absorption spectra of these human skins were extracted from reflectance and transmittance spectra in the wavelength range from 400 to 1600 nm with their corresponding standard errors.
C. Statistical Analysis
We employ the two-sample t-test for pairs of skin groups, especially normal and cancerous tissues, to assess the level of difference in their extracted parameters from (1) [23] . In the test, the standard errors of the measured absorption spectrum of each skin sample are utilised to determine the variation range of each model parameter corresponding to that sample. The statistical hypothesis value p-value is to evaluate the significance of difference between extracted parameters of skin samples in statistics perspective. The significant difference between two samples is confirmed by their p-value ≤ 0.05. Furthermore, the lower value the p-value of a t-test reaches to, the higher the possibility of distinguishing one sample from another is.
IV. RESULTS AND DISCUSSION
The absorption spectra are fitted by our proposed model within the range from 400 to 1600 nm. We used 270 wavelength samples (N = 270) in the spectral region for each case. The number of grinding points M applied to the extraction algorithm are chosen as 5000. Figs.1-3 reveal the potential of our absorption model to describe the absorbance of skin tissue since the simulated spectra by the model (1) fit the real absorption spectra very well. We also analyse the fits in terms of statistics. In particular, the goodness of fitting (GOF) is assessed through the R − square which indicates the fitting quality of numerical models (see e.g. [24] ). A perfect fitting is represented by R − square = 1. The R − square of each fitting was provided in Table I . According to the values of R − square, our proposed optimization algorithm based on grinding method is able to locate the global minimum of the error function (2) . This outcome facilitates the investigation of changes in haemoglobin, melanin and water contents of skin tissue over a wide wavelength range. The particular values of the extracted parameters corresponding to each skin sample are listed in Table I . The quantitative analysis based on the results of our extraction demonstrated an expected agreement with the conclusions of [16] . Indeed, water absorbance is the main factor contributing to the absorption spectra of nonmelanoma skin in the spectral range above 900 nm, which is apparently recognized through the hydration proportion c H2O c H2O c H2O of the samples. Furthermore, the water proportion in subcutaneous fat is considerably lower than those in nonmelanoma skins. On the other hand, the amount of blood in nodular BCC is smaller than one in infiltrative BCC and SCC according to the haemoglobin concentration c Hb c Hb c Hb of these specimens. The significance of differences between normal skin and NMSC were examined by p-value of the applied t-test in Table II . The p-values which are smaller than the critical value 0.05 are highlighted in bold type. It is obvious that each pair of healthy skin and tumor is distinguishable by using their respective extracted parameters. More importantly, our approach even provided higher possibility to differentiate between cancerous and normal skins than [16] . In detail, while the spectra-based analysis of [16] failed to reveal any wavelength region consistently providing significant differences for all pairs of cancer-normal tissue, our parameter-based analysis V. CONCLUSION Our first contribution is proposing a mathematical model successfully describing the absorption property of human skin in NIR range of wavelength. Secondly, the extracted parameters by our global optimization algorithm are examined by the two-sample t-test, and their significant differences appear in all pairs of tumour-normal skin. These results show potential for differentiating between non-melanoma and normal skin. Furthermore, the consistent differences in the water proportion and melanin concentration between tumour and healthy skin are worth considering as an crucial source of contrast to develop an advanced classification in future studies. In further research, the scattering property of human skin shall also be investigated with our parameter-based approach to improve the possibility of detecting skin cancer with NIR. 
